Purpose: We investigated the surgical results of macular hole retinal detachment (MHRD) with a modified C-shaped temporal inverted internal limiting membrane (ILM) flap to reconstruct the foveolar architecture in highly myopic eyes. Methods: Eighteen highly myopic eyes with MHRD in 17 patients who underwent a vitrectomy with a modified C-shaped temporal inverted ILM flap were followed for 12 months. Anatomic outcomes were evaluated by fundus examinations and optical coherence tomography. The preoperative and postoperative best-corrected visual acuities (BCVAs) were compared as functional outcomes. Results: Women accounted for 88% of the MHRD patients. The mean age was 60.2 AE 8.2 years. The mean axial length was 29.25 AE 2.10 mm. Type 1 and type 2 MHRD was present in four eyes and 14 eyes, respectively. After a single surgery, the hole was closed in 18 eyes (100%). Retinal attachment was achieved in 95%. Persistent shallow subretinal fluid (SRF) was noted in one case, which was resolved at follow-up. The surgery significantly improved BCVAs (from 1.7 AE 0.6 to 0.72 AE 0.4 logarithm of the minimum angle of resolution units [p < 0.001]) at the last visit. In total, 94.4% of the eyes had restored foveolar architecture. Ellipsoid zone recovery within the foveola was found in 77.8% of the eyes. Conclusion: A vitrectomy and modified C-shaped inverted temporal ILM flap is effective for closing MHs, reattaching the retina, restoring the foveolar architecture and significantly improving the postoperative BCVA in MHRD patients. This technique is feasible, and we propose 'presumed' M€ uller cell cone repair in MHRD surgery.
Introduction
Macular hole (MH) combined with retinal detachment (RD) in highly myopic eyes is a challenging disease for vitreoretinal surgeons. Many surgical approaches to treat MH-associated RD have been proposed, including gas injection, vitrectomy and posterior hyaloid removal with or without ILM peeling using gas or silicone oil as an internal tamponade. Macular buckling and vitrectomy with scleral imbrications have also been established as treatment options to increase the success rate of surgery (Scholda & Egger 1998; Ichibe et al. 2003; Ikuno et al. 2003; Kwok & Lai 2003; Uemoto et al. 2004; Chen et al. 2006 Chen et al. , 2011 Lam et al. 2006; Ando et al. 2007; Li et al. 2009; Nadal et al. 2012; Parolini et al. 2013; Alkabes et al. 2014; Fujikawa et al. 2014; Lim et al. 2014; Steel et al. 2017) . Although anatomic reattachment can be achieved, the MH closure rate varies among different investigators in highly myopic eyes complicated by RD. With modern surgical techniques, the success rate of MH closure ranges from around 50% to 70% (Uemoto et al. 2004; Lam et al. 2006; Lim et al. 2014; Dimopoulos et al. 2016) .
The prevalence of MH was reported to be 8.4% in 214 eyes with pathologic myopia by optical coherence tomography (OCT; Ripandelli et al. 2012) . Retinal detachment (RD) associated with MH was thought to account for <1% of all cases (Magheria & Schepens 1972) . Some studies in Asian populations reported 9% and 21% (Minoda 1979; Zhang & Hu 1982 ).
An inverted ILM flap technique has been reported with an initial closure rate of 83.3% for treating MH in high myopia (Kuriyama et al. 2013; Hayashi & Kuriyama 2014 ). However, surgical outcomes of MHRD are disappointing. The retinal reattachment rate following vitrectomy for MHRD has been reported to vary widely from approximately 40% to 93% by OCT (Ikuno et al. 2003) . In addition, postoperative MH enlargement has been reported due to the imbalance between the retina and choroid-sclera complex (Ichibe et al. 2003 ).
An inverted ILM with or without autologous blood has been reported to increase the MH closure rate in MHRD (Ikuno et al. 2003; Chen & Yang 2016a,b) . However, postoperative OCT showed either extra-tissue or irregular ILM contraction within the hole (Ichibe et al. 2003; Ikuno et al. 2003; Kuriyama et al. 2013; Lai et al. 2015) . Kuriyama et al. (2013) reported the efficacy of the inverted limiting membrane flap technique and found that 75% with a MH and RD were reattached compared to closure of the MH in all cases with a MH but without RD by a classic inverted flap technique. The surgical indication should include both types of MHRD that is MH with RD involving either within or beyond the vascular arcade.
The foveolar microstructures and M€ uller cell cone integrity have not been restored well enough in previous methods. The present study aimed to use a rational approach to reconstruct the foveolar architecture by releasing the tangential ILM traction, covering the hole with an ILM 'roof' and preserving the maculopapillary nerve fibre bundle by a C-shaped temporal inverted ILM flap technique to seal the hole and, most importantly, restoring the foveolar integrity by reconstructing the 'presumed' M€ uller cell cones to achieve a better visual outcome.
Materials and Methods
This retrospective study included consecutive patients who had presented to the outpatient service at the High Myopia Clinic of the National Taiwan University Hospital, Taipei, Taiwan. The research protocol was approved by the Ethics Committee of the National Taiwan University Hospital, and the methods used in the study adhered to the tenets of the Declaration of Helsinki for the use of human subjects in biomedical research.
All patients enrolled in this study underwent a complete ophthalmic examination, which comprised noncycloplegic refraction using an autorefractometer KR-800 TM (Topcon, Tokyo, Japan), best-corrected visual acuity (BCVA) measurement, slit-lamp biomicroscopy, indirect ophthalmoscopy, AL measurement using the Lenstar TM (LS 900; Haag-Streit AG, Switzerland) and spectral domain optical coherence tomography (SD-OCT) (Avanti RTVue XR; Optovue, California, USA, or Spectralis HRA OCT; Heidelberg Engineering, Heidelberg, Germany).
A retrospective, consecutive chart review of all patients with MHRD, who underwent a vitrectomy with ILM peeling and gas tamponade by a single surgeon (T.-C. H.) at National Taiwan University Hospital, was conducted. The Institutional Review Board of National Taiwan University Hospital, Taipei, Taiwan, approved this retrospective study. This study included only the patients with MHRD in a highly myopic eye (<À6 dioptres or axial length >26.5 mm). Patients with a history of RD or proliferative vitreoretinopathy, any kind of retinal surgery, diabetic retinopathy (DR), vitreous haemorrhage, retinal vascular occlusion, uveitis, trauma, optic atrophy, ocular tumours, glaucoma, corneal opacity or incomplete chart records were excluded. The patient's age, gender, ocular history, initial BCVA, preoperative and postoperative clinical manifestations, subtypes of MHRD, OCT results and final BCVA were collected. The classifications of MHRD were based on the extension of RD. A classification of type 1 indicated RD within the macula, type 2 indicated RD beyond the macula, and type 3 indicated total RD. Optical coherence tomography (OCT) was performed before and after surgery in all eyes using a commercially available SD-OCT device (Spectralis HRA OCT; Heidelberg Engineering) with a macular volume scan acquisition protocol to detect any defect in the macular area. The BCVAs in Snellen values were converted to the logarithm of the minimum angle of resolution for analysis purposes. If the BCVA was counting fingers or hand movements, it was assigned as the equivalent Snellen acuity of 20/2000 or 20/20 000, respectively.
The standard surgical procedures for MHRD repair in this study included a standard 3-port vitrectomy with C-shaped temporal inverted ILM flaps and gas tamponade (Video S1). The surgery was undertaken using retrobulbar anaesthesia in all patients with a 23-or 25-gauge vitrectomy (Constellation; Alcon, Fort Worth, TX, USA).
Briefly, after the core vitrectomy, the posterior vitreous cortex was identified with 20% diluted triamcinolone acetonide (40 mg/ml; Kenalog [Bristol-Myers Squibb, Princeton, NJ, USA]), and the vitreous cortex was lifted and removed. Then, ILM peeling was facilitated by staining with indocyanine green (ICG; Daiichi, Tokyo, Japan). The concentration of ICG was 0.125 mg/ml diluted in 5% glucose water, and the exposure time was approximately 30 seconds. Indocyanine green (ICG) was used because it stains ILM better in highly myopic eyes with marked staphyloma and tessellation. No intentional drainage of the SRF was performed during the ILM peeling. After vitrectomy, a slit cut of the ILM was made with a bent vitreoretinal blade assisted by staining with ICG without intentional drainage of the SRF. A 270-degree C-shaped temporal ILM flap was peeled towards the hole but stopped approximately 0.5 disc diameter from the centre of the fovea. The elevated ILM was not detached from the retina and remained attached to the edge of the MH. The size of the flap was approximately 1.5 disc diameter from the centre of the fovea. The inverted temporal flap was used to cover the hole. Air-fluid exchange was performed over the disc with a backflush needle without drainage of the SRF. The flap covered the hole automatically during the air-fluid exchange (Fig. 1) . The peripheral vitreous was removed as much as possible, and the peripheral retina was checked circumferentially to detect any retinal tears or lattice degeneration. Laser photocoagulation was applied to these retinal tears or lattice during the surgery to prevent RD afterwards. Air-fluid exchange was performed with a gas tamponade by 15% perfluoropropane (C3F8) at the end of surgery. The SRF was maintained without intentional drainage.
The patients were asked to remain in a nasal side position for 2 hr and then to keep a prone position for 1 week and avoid a supine position afterwards during the follow-up period until the gas was absorbed.
SPSS software version 17.0 (SPSS, Inc., Chicago, IL, USA) was used to perform statistical analyses of the data. Generalized estimating equations were used to evaluate visual outcomes after the surgery for MHRD repair. p < 0.05 was considered to be statistically significant.
Results
Eighteen cases of highly myopic eyes with MHRD in 17 patients were recruited for this study. According to the fundus examination, four eyes and 14 eyes were classified as having type 1 and type 2 MHRD, respectively, and no type 3 cases were included in this study. The average axial length was 29.25 AE 2.10 mm. All 18 eyes had staphyloma. In addition, the examination of the OCT results showed 15 eyes with foveoschisis. The patient The initial surgery resulted in a sealed MH in all 18 eyes after complete gas absorption. Persistent SRF was noted in one MH closure case after the gas was absorbed. The SRF reabsorbed spontaneously two more months later (Fig. 2) . In regard to foveolar restoration, 94.4% (17/18) of the eyes had a restored foveolar architecture (Fig. 3) . Foveolar architecture restoration is defined as recovery of smooth symmetric foveal depression with retinal layers by OCT. Complete and partial ellipsoid zone recovery within the foveola was found in 14 (77.8%) and 3 (16.7%) of the eyes, respectively. Recovery of the ellipsoid zone was not found in one eye. Most of the ellipsoid zone recovery was found to start from the nasal side of the fovea (Figs 4 and 5) .
With respect to the functional outcomes, the BCVA was improved in 16 eyes (88.9%), stable in two eyes (11.1%) and worse in 0 eyes at the final follow-up examination ( Table 2) . The mean preoperative and postoperative last visit BCVAs were 1.7 AE 0.6 and 0.72 AE 0.4 logarithm of the minimum angle of resolution units, respectively (p < 0.001). In general, there was significant improvement in BCVA after the surgery at the end of the follow-up ( Table 2) . We observed three pseudophakic and 14 phakic eyes before the surgery. Phacoemulsification with intraocular lens implantation was performed in two eyes because of the development of cataracts that hindered visual improvement after the vitrectomy surgery. At the end of the followup period, with the exception of the three pseudophakic eyes, the other 13 phakic cases showed some degree of cataract formation.
Discussion
Surgical options for MHRD of highly myopic eyes are limited, and visual results may be poor despite successful anatomic closure. Inverted ILM flaps, while successful for primary repair for myopic MH, are difficult to apply to MHRD due to its instability after being inverted into the hole. The fragile nature of the ILM in such eyes makes repositioning an autologous flap within the MH a challenging manoeuvre. Retaining the autologous flap within the MH is also difficult with loss of the flap often reported during air-fluid exchange or with the fluid current. Kuriyama et al. (2013) reported the efficacy of the inverted limiting membrane flap technique and found that 75% with a MH and RD were reattached compared to closure of the MH in all cases with a MH but without RD by a classic inverted flap technique. Autologous adjuvant blood components, lens capsule flaps and a neurosensory retinal free flap to seal the hole have been reported (Lai et al. 2015; Chen & Yang 2016b; Grewal & Mahmoud 2016) . However, limited visual improvement was found after anatomic closure. Irregular ILM clumping/contraction, extra-tissue and blood toxicity may contribute to unsatisfactory visual improvement (Fig. 6) .
The present surgical technique we used sealed the MH and flattened the retina in a physiological reconstruction manner. The inverted temporal ILM covered the hole as a natural ILM with the same ILM thickness as needed. The C-shaped ILM was cut 270 degree around the fovea; however, preserving the nasal maculopapillary nerve fibre layer bundle could release the ILM traction and preserve the critical fovea conduction between the fovea and optic nerve. Immediate postoperative nasal side positioning for two hours was well tolerated by the patient and effectively allowed initial adhesion of the inverted ILM, shifting of the macular SRF under the subretinal space and prevention of the SRF to egress from the MH. Our clinical observation found that the macular SRF was completely resorbed and the MH was fully sealed 3 days postoperatively. We found the C-shaped temporal flap should be initiated 1.5 disc diameter temporal to the foveal centre and unfolded to cover the hole at the distance 0.5 disc diameter from the foveal centre. The ILM traction seems to be completely released, and the foveal contour could be well restored at this peeling size. Although the exact mechanism remained unknown, inverted and autologous ILM flaps are thought to act as a scaffold for the proliferation of glial cells, thus allowing closure of the MH (Grewal & Mahmoud 2016) . The C-shaped temporal inverted flap we used provided a single smooth layer ILM to reconstruct the once lost 'roof' of 'presumed' M€ uller cell cones, possibly facilitating M€ uller cell fibre regeneration. The fully sealed macula allowed the SRF to be gradually removed by the retinal pigment epithelium pump. Michalewska et al. (2014) found that OCT images confirmed that the process of foveal architectural repair continued over at least a 12-month period in MH cases without RD. Our results showed that the same repair process could be achieved in MHRD eyes. We found that gradual restoration of the external limiting membrane and ellipsoid zone was noted suggesting the outer retinal restoration after foveal architecture restoration and 'presumed' M€ uller cell cone recovery in our cases. M€ uller cell cones were proposed by Gass as important structures at the foveola. Healthy M€ uller cell cones with a smooth foveolar surface and foveolar depression without irregularity or contraction over the surface are probably critical for the recovery of the resolution of the central 1.5°visual field of the foveola. The concept of 'presumed' M€ uller cell cones is addressed in Fig. 3 as a schematic overlay.
The ICG staining time in the present technique was limited to 30 seconds. Heavy staining can be avoided as ILM peeling at the MH margin is not necessary. Thirty-second ICG staining at the concentration we used was able to make the ILM visible at the peeling site. Visco-elastic material was not applied in the MH to avoid obstacles to the complete covering of an unfolded ILM. Residual SRF under the macula without drainage prohibited entrance of ICG dye into the subretinal space. This decreased the ICG toxicity on the retinal pigment epithelium. The retinal pigment epithelium pump worked well immediately postoperatively in our cases. Okuda et al. reported that MHs were closed over the residual SRF. However, the foveal configurations were only partially recovered, which may be caused by the irregular margins of the inverted flap in the MH (Okuda et al. 2016) .
A temporal ILM flap was chosen in this technique due to the tighter traction that should be totally released evenly over the temporal side of the fovea. Kim et al. (2012) reported asymmetric elongation of the foveal tissue at the temporal side of the fovea after ILM peeling for MH eyes. The tighter tangential ILM traction over the temporal side was released by the Cshaped even cut in our technique. We found faster recovery of microstructures at the nasal side of the fovea three days after surgery. The slower recovery of microstructures at the temporal side of the fovea could be due to peeling off of the ILM or elongation of temporal foveal tissue. Regarding the complications after MHRD repair in highly myopic eyes, except for cataract formation and two eyes that received cataract extraction, SRF accumulation developed in one eye after initial MH closure and RD reattachment. In this case, the SRF appeared 11 months after surgery with a sealed MH and smooth, natural thinning at the foveola. Two more months later, the retina reattached spontaneously. Michalewska et al. (2015) reported a comparative study between the temporal inverted ILM flap technique and the classic inverted ILM flap technique for large stage IV MHs without RD. They found that the temporal inverted ILM flap technique is as effective as the classic technique. Their results indicated that the tangential traction of the ILM can be totally released by both techniques. However, as stated above, if a classic inverted ILM flap, with or without the blood component technique, was applied to MHRD, an irregular ILM contraction and unsatisfactory foveolar architecture were noted 3 months postoperatively (Lai et al. 2015; Chen & Yang 2016a) . A larger than necessary size or redundant margin of the inverted flap may be the cause. The C-shaped temporal inverted flap we used was different. A 1.5-disc diameter temporal flap was the size needed to unfold over the hole as a single-layer ILM, and it adhered firmly to the MH margin after air-fluid exchange.
In conclusion, we used a modified Cshaped temporal inverted ILM flap to repair MH retinal detachments in highly myopic eyes. This technique provides a smooth, single-layer ILM to cover the hole to facilitate foveolar architecture restoration. The present technique is a 270-degree C-shaped flap from the temporal side for MH combined with RD, which is able to release more traction from temporal side (more than 180 degree) to seal the hole, and the ILM flap covering the hole as a single layer helps to restore a better foveolar architecture. In addition, the preserved nasal papillomacular bundle and much smaller flap to prevent postoperative wrinkling may also benefit better surgical results. The size of the flap, approximately 1.5 disc diameter from the centre of the fovea, is critical in the proper reconstruction of the foveolar architecture and in preventing postoperative wrinkling. The microstructure recovery was observed along with visual acuity (VA) improvement. The present technique is natural, physiological and has a less steep learning curve. We thus propose a concept of 'presumed' M€ uller cell cone repair in surgery for MHRD.
The limitations of this technique include limited follow-up to date on a limited number of cases. Long-term results and further evaluation will help refine this technique. Awareness of this technique and a much smoother learning curve for interested vitreoretinal surgeons than the classic technique facilitates appropriate referrals for such patients who were previously frustrated regarding surgical options. While acknowledging these limitations, the modified C-shaped temporal inverted ILM flap adds to the surgical armamentarium for such challenging cases of MHRD in highly myopic eyes. 
